INTRODUCTION
============

Hepatitis C virus (HCV) infection is a pressing global health problem.^[@R1]^ Global HCV prevalence is between 1% and 2% in most countries that have been studied,^[@R2]^ but the distribution of HCV varies considerably between subpopulations. Historically, HCV has been most frequently transmitted by percutaneous exposure to infected blood or body fluids, including transfusion of contaminated blood or blood products, nonsterile medical injection, or injection drug use; high rates of HCV seropositive reported in persons exposed to HCV through these routes.^[@R3]^ In China, the epidemiology of HCV infection is continually evolving. A nationwide epidemiologic survey conducted in 1992 that screened a total of 68,000 subjects across all 30 provinces, autonomous regions, and municipalities found HCV prevalence of 3.2% that was largely attributed to transfusion of contaminated blood or blood products.^[@R4]^

Since 1993, strict control of blood products, increased use of sterile equipment and mandatory screening for blood borne pathogens have been implemented throughout China and HCV transmission through contaminated blood products has decreased significantly.^[@R5]^ A national survey in 2006, screened 78,746 subjects across 31 provinces, suggested a significant reduction in HCV prevalence, with just 0.46% of tested individuals being HCV seropositive in China.^[@R6]^ HCV acquisition by other routes, however, has increased. Recent studies of injection drug users (IDUs) throughout China reveal available, but generally high prevalence of HCV, with between 15.6% and 98.7% testing seropositive for HCV infection.^[@R7]--[@R9]^ Thus, injection drug use has become the primary transmission route of HCV in China.^[@R10],[@R11]^ Globally, HCV infection in men who have sex with men (MSM) is an emerging problem. Since 2000, acute HCV infections have increasingly been reported among MSM in Europe, Australia, and the United States.^[@R12]--[@R19]^ In China, however, recent surveys have not documented significant increases in HCV infection in urban MSM,^[@R20]--[@R22]^ though active surveillance continues.

The molecular epidemiology of HCV is also evolving. HCV is highly genetically diverse and is classified into 7 genotypes and 67 subtypes.^[@R23]^ Tracking the molecular epidemiology of HCV can be useful to elucidate transmission networks locally and globally, and it is clinically important to predict disease prognosis and response to anti-HCV therapy. Subtype 1b is the most prevalent worldwide,^[@R24]^ whereas other genotypes are more confined to regional epidemics. Generally, subtype 1a is most commonly seen in the United States,^[@R25]^ subtype 2a and 2b are predominant in North America, Europe, and Japan,^[@R26]--[@R28]^ subtype 3 (predominantly 3a) is the most prevalent genotype in India and Pakistan,^[@R29],[@R30]^ genotype 4 is often found in the Middle East and Africa,^[@R24]^ subtype 5a accounts for at least 50% of the infections in South Africa,^[@R31]^ and genotype 6 is frequently seen in southern China and Southeast Asia.^[@R32]--[@R34]^ Although 6 genotypes (genotypes 1--6), 18 subtypes (subtypes1a, 1b, 1c, 2a, 2b, 2f, 3a, 3b, 4d, 5a, 6a, 6e, 6g, 6k, 6n, 6u, 6v, and 6w), and a number of unassigned variants have been detected in China, over 95% of these isolates belong to 5 major subtypes:1b, 2a, 3a, 3b, and 6a.^[@R35]--[@R41]^ Among them, subtype 1b has been predominant nationwide, accounting for approximately 75% of all HCV infections, followed by subtype 2a.

Recent studies of HCV epidemiology in large urban areas of China have reported complex and evolving HCV genotype patterns, suggesting the highly mobile population and many contributing epidemics. Previously, HCV genotype distribution in China was relatively homogeneous, comprised mainly of 2 genotypes, including 1b, 2a, and coinfection (1b/2a). More recently, the relative frequency of subtypes lb and 2a is slowly decreasing, and subtype 3a, 3b, and 6a prevalence are rising. In recent years, subtypes 2b, 4a, 5a, 6b, and 6n have also appeared gradually.^[@R42]^ Subtypes 1a, 3a, and 3b have been described among IDUs with HIV-1 coinfection in Yunnan, Guangxi, and Xinjiang,^[@R19]^ and subtypes 6a, 6e, 6k, 6n, and 6u are observed among IDUs from Jiangsu, Yunnan, Guangxi, and Guangdong.^[@R20]--[@R23]^ Although early reports from Zhang et al^[@R9]^ support the theory that the HCV epidemic in China originated with paid blood donors, the ongoing changes in HCV genotype distribution patterns suggest that subsequent human migration is driving the current HCV epidemic in China.^[@R43]^ These molecular epidemiologic trends coincide with the recent tide of human migration toward the coastal regions in China, where rapid economic growth is fueled by millions of migrants and immigrants.^[@R43]^

Beijing is the capital of China, the center of national politics, culture, transport, tourism, and international exchange. The city comprised of 16 districts, housing \>20 million residents, and millions of migrant workers from different provinces in China and all over the world. We hypothesized that this dynamic immigration pattern and flux of people in and out of Beijing may be reflected in an increasing complex HCV epidemic in China\'s capital. The aim of the present study is to characterize the scope of HCV infection among DUs, MSM, and the general population in Beijing and to determine the HCV genotype distribution and evolution of these groups over time and geography. We screened over 10,000 individuals by HCV antibody and viral load testing, collected behavioral data, and performed sequencing, phylogenetic, and phylogeographic analysis of all viremic subjects. Results provide a current snapshot of the molecular epidemiology of the HCV epidemic in Beijing.

MATERIALS AND METHODS
=====================

Study Population
----------------

A total of 10,354 individuals were recruited from 2010 to 2011 in Beijing. Among them, 684 were DUs, 1296 were MSM, and 8,374 were general population. The blood samples of drug users (DUs) were collected from compulsory detoxification center and methadone maintenance treatment clinics in Beijing. MSM were randomly recruited at voluntary counseling and testing sites (VCT) in Beijing Chaoyang District Center for Disease Control and Prevention and self-identified as MSM. General population was randomly recruited from hospital health examination centers and reported neither DUs nor MSM. This study was approved by the Institutional Research Ethics Community, China Chaoyang CDC (NO.1206), and all subjects signed informed consent forms before blood collection. Epidemiological data were collected by trained interviewers (including age, marriage status, inhabit time in Beijing, nationality, education, and risk behaviors). Blood plasma was separated and stored at −70°C before genetic analysis.

Enzyme Immunoassay
------------------

All 10,354 plasma samples were screened for anti-HCV antibodies using ELISA kit (Wantai, China). The results of the assay were expressed quantitatively as the ratio of the optical density (OD) of the test sample to the calculated cutoff absorbance as recommended by the manufacturer. Serum samples with OD values over the cutoff value were considered to be positive, whereas those with OD values less than cutoff value were considered negative. Positive samples were confirmed with an additional ELISA assay kit (Kehua, China). Only samples testing positive by both assays were counted as positive.

RNA Extraction and Real-time PCR
--------------------------------

Viral RNA was extracted from 200 μL of ethylene diammine tetraacetice acid anticoagulated plasma using MagNA Pure 96 DNA and Viral NA Small Volume Kit (Roche Applied Science, Manheim, Germany) according to the manufacturer\'s instructions. All 10,354 serum samples were screened for HCV RNA load using Real-time PCR kit (Qiagen, Germany) by Roche 480.

HCV Amplification and Sequencing
--------------------------------

The HCV RNA underwent reverse transcription by SuperScript III Reverse Transcriptase kit (Invitrogen, USA). Regions of the HCV Core/E1 (475 bp) and NS5B (381 bp) genes were amplified by nested-PCR, using a genotyping method as previously described.^[@R44]^ The amplification was performed with predenaturation at 94°C for 15 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, extension at 72°C for 1.5 min, followed by an additional extension at 72°C for 10 min in a 25-μL volume. The nested PCR was performed in a 50-μL volume and the cycling condition includes predenaturation at 94°C for 3 min, 35 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, extension at 72°C 1.5 min, followed with an additional extension at 72°C for 10 min. The PCR products were visualized by 1% agarose gel electrophoresis and sequenced by ABI 3730xl Automated DNA Analyzer (Applied Biosystems, Foster City, CA). Each step was carried out with negative controls.

Phylogenetic Analysis
---------------------

The HCV genotype was determined after alignment of 82 sequences with reference sequences (Appendix 1) from GenBank (<http://www.ncbi.nlm.nih.gov/genbank>). Sequences were aligned using CLUSTAL_X and edited by BioEdit. Maximum Likelihood (ML) trees were constructed to subtype each sequence by Mega 6. The Core/E1 and NS5B sequences from the same patient were merged. Bayesian Markovchain Monte Carlo (MCMC) analyses were performed with the selected nucleotide substitution model using a Bayesian uncorrelated log-normal relaxed molecular clock method as implemented in BEAST 1.8.0. MCMC analysis was run for 30 million steps, with sampling every 1000 steps. Convergence of parameters was assessed using TRACER v1.4.^[@R45]^ To assess the sampling convergence of the MCMC procedures, the estimated effective sampling sizes (ESSs) were evaluated. In this study, when all of the ESSs were ≥200, sufficient sampling was considered to have been achieved. Maximum clade credibility (MCC) trees were constructed from the posterior tree distribution using Tree Annotator and displayed by FigTree 1.4.

Phylogeographic Analysis of Subtype 3b, 1b, and 3a
--------------------------------------------------

The main subtypes of Beijing in this study were subtype 3b, 1b, and 3a. To investigate the possible geographic origins of HCV in Beijing, HCV 3b, 1b, and 3a NS5B region nucleotide sequences with known sampling years and locations in China were collected from Genbank. Each sequence was assigned a character state reflecting its sampling location. The maximum clade credibility tree was constructed using a MCMC method implemented in the BEAST software.

Statistical Analysis
--------------------

All statistical analyses were done using SPSS software (version 16.0, SPSS Inc, Chicago, IL). Data were presented as mean ± SD. Numerical data were analyzed using student *t* test. The distribution of genotypes among DUs and non-DUs was analyzed by bidirectional Mann-Whitney test. *P* value \<0.05 was considered statistically significant.

RESULTS
=======

Patient Characteristics
-----------------------

Among 10,354 participants, 684 were DUs, 1296 were MSM, and 8374 were general population. The demographics of the study population are shown in Table [1](#T1){ref-type="table"}. The mean age was 30.3 years, and 63.9% of subjects were younger than 30 years. The ratio of male and female was approximately 1:1. Subjects were overwhelmingly (\>90%) of Han ethnicity. 23.8% of subjects were never married, 42.9% were married, and 15% were divorced or widowed. More than 60% of the participants belonged to migrant population, having lived in Beijing for \<5 years. The education level of those surveyed varied, with the majority having graduated from high school.

###### 

The Characteristic of Study Subjects
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HCV Prevalence, Clearance and Acute Infection for DUs, MSM, and the General Population
--------------------------------------------------------------------------------------

Of the 10,354 participants, 181 (1.75%) were seropositive for HCV antibody by ELISA, including 144 (21.05%) DUs, 6 (0.46%) MSM, and 31 (0.37%) with neither risk factor, heretofore referred to as the general population. Screening for ongoing HCV viremia by Real-time PCR revealed 157 total positive samples (1.52%), including 143 (20.90%) DUs, 3 (0.23%) MSM, and 11 (0.13%) from the general population. Thirty-six (16.6%) of these HCV-infected individuals were seronegative and likely acutely infected. Sixty (27.65%) infected patients had serologies consistent with spontaneous viral clearance, with testing positive for HCV antibody and negative for HCV RNA. A total of 217 subjects were positive by either test, giving an overall HCV prevalence of 2.10% (217/10,354). The number of HCV infections in DUs, MSM, and the general population was 179 (26.17%), 7 (0.54%), and 31 (0.37%) (Table [2](#T2){ref-type="table"}).

###### 

The Results of HCV Detection
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For samples testing positive for HCV RNA, quantitative viral load testing was performed. For the 156 positive samples, the median HCV viral load was 3.02E7 (SD = 3.11E7). The mean of viral load in DUs, MSM, and the general population were 3.12E7 (SD = 4.55E7), 2.57E7 (SD = 6.45E6), and 1.71E7 (SD = 2.34E7), respectively, which were statistically not different. The mean HCV viral load by genotype ranged from 1.11E6 for genotype 6 v to 5.25E7 for 2a, and did not differ statistically.

HCV Subtype Distribution
------------------------

HCV genotyping was successfully performed on 156 samples (99.36%, 156/157) by amplification of subgenomic regions of Core/E1 and NS5B. A total of 9 HCV subtypes (1a, 1b, 2a, 3a, 3b, 6a, 6n, 6u, and 6v) were identified in the 156 positive samples, with genotypes 3b (36.09%), 1b (32.54%), 3a (16.57%), and 6a (8.88%) comprising \>90% of circulating strains (Table [3](#T3){ref-type="table"}). The frequencies of HCV subtypes in DUs, MSM, and the general population were differed. HCV subtypes 1a, 1b, 2a, 3a, 3b, 6a, and 6n were detected in DUs, whereas only subtypes 1b, 3b, and 6a were identified in MSM, and subtypes 1b, 2a, 3a, and 6v were confirmed in general population. When compared, there was a trend toward statistical difference (*P* = 0.003, by bidirectional Mann-Whitney) between subtype frequency in DUs compared with non-DUs (including MSM and the general population). Comparing the sequences from the 3 groups, sequences from DUs and MSM were phylogenetically interspersed within those from the general population (Figure [1](#F1){ref-type="fig"} and Figure [2](#F2){ref-type="fig"}).

###### 

Distribution of HCV Genotypes Based on Core/E1 and NS5B Sequences in DUs, MSM, and the General population in Beijing
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![Phylogenetic relationship of HCV isolated from Beijing based on Core/E1. ML tree showed that HCV sequences from Beijing belong to 1a, 1b, 2a, 3a, 3b, 6a, 6n, 6u, and 6v genotypes. The tree was constructed with MEGA 6. The references obtained from the Genebank. Sequence of Japanese encephalitis virus strain P3 (U47032) was used as outgroup. Round dots denoted HCV strains from general population. Triangle denoted HCV strains from MSM.](medi-95-e2688-g004){#F1}

![Phylogenetic relationship of HCV isolated from Beijing based on NS5B. ML tree showed that HCV sequences from Beijing belong to 1a, 1b, 2a, 3a, 3b, 6a, 6n, and 6u genotypes. The tree was constructed with MEGA 6. The references obtained from the Genebank. Sequence of Japanese encephalitis virus strain P3 (U47032) was used as outgroup. Round dots denoted HCV strains from general population. Triangle denoted HCV strains from MSM.](medi-95-e2688-g005){#F2}

Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} showed ML tree reconstructed by 156 sequences of Core/E1 region and 156 sequences of NS5B region. The sequences from each subtype were closely related, with generally high bootstrap value (\>98%, except for NS5B 1b-79%). For subtype 1b, the phylogenies based on separate sequencing regions were highly similar. In both the Core/E1 and NS5B phylogenies, subtype 1b sequences generally formed a single major subgroup comprised of largely DU sequences; in the Core/E1 tree, all the sequences in this subgroup were from DUs, and in the NS5B tree, all but 2 sequences in the subgroup were from DUs. Sequences from subtype 3a group were divided into 3 major subgroups in both trees. The sequences were in the similar positions in both trees, with the 2 sequences from the non-DUs on the same branch. Sequences from subtype 6a fell into different phylogenetic groups in the Core/E1 and NS5B trees.

Molecular Evolutionary of HCV in Beijing
----------------------------------------

To investigate the evolutionary history of HCV in Beijing, we performed time-scaled phylogenetic analyses and phylogeographic analyses using BEAST software. Three time-scaled trees (Figure [3](#F3){ref-type="fig"}) and 3 phylogeographic trees (Figure [4](#F4){ref-type="fig"}) represented the most prevalent subtypes (1b, 3a, and 3b).

![The time-scaled trees estimated with the Core/E1 and NS5B sequences of subtype 1b, 3a, and 3b.](medi-95-e2688-g006){#F3}

![The phylogeographic trees estimated with the NS5B sequences of subtype 1b, 3a, and 3b. Branches are colored according to their geographic origins, indicated in the upper left. The sequences in these phylogeographic trees were from Beijing (BJ), Guangdong (GD), Hubei (HB), Hong Kong (HK), Japan (JP), Jiangsu (JS), Shanghai (SH), and Yunnan (YN).](medi-95-e2688-g007){#F4}

Bayesian analyses inferred a time to most recent common ancestor (tMRCA) for subtype 1b of the year 2004.1 (1997.7, 2007.7), with an inferred evolutionary rate of 9.46e-3 (3.58e-3, 1.68e-2) substitution per site per year by time-scaled phylogenetic analyses. There was an obvious cluster (1b-I) in subtype 1b time-scaled tree (Figure [3](#F3){ref-type="fig"}A), with significant posterior probabilities of 1. All sequences in cluster 1b-I were from DUs. The phylogeographic tree reconstructed for subtype 1b suggested that most of sequences of Beijing and 3 sequences of Shanghai were related in one cluster (Figure [4](#F4){ref-type="fig"}A). The Beijing sequences in this cluster were from DUs, which supported the results of time-scaled analyses and ML analyses. Therefore, we used the sequences of this clade to calculate the tMRCA median and evolutionary rate of subtype 1b. The tMRCA median of the tree was 2005.7 (2005.2, 2008.3), and the evolutionary rate was 1.3e-2 (5.1e-3, 2.7e-3) substitution per site per year. The results of subtype 1b phylogeographic tree, time-scaled tree, and ML tree suggest that the HCV strains circulating among DUs and non-DUs may have different evolutionary origins. The divergence time of subtype 1b in Beijing was about 2005. HCV subtype 1b sequences circulating in Beijing among DUs and Shanghai are closely related and genetically interspersed, suggesting a common origin or frequent intermixing. The direction of migration between these cities or from a third location is unknown.

Figure [3](#F3){ref-type="fig"}B depicts time-scaled trees reconstructed on the basis of subtype 3a sequences. The tMRCA of the tree was 2006.5 (1983.4, 2010) and the evolutionary rate was 1.26e-2 (1.04e-3, 2.71e-2) substitution per site per year. The sequences were clustered into 2 groups, groups 3a-I and 3a-II, showing significant posterior probabilities of 0.83 and 0.95, respectively. Figure [4](#F4){ref-type="fig"}B depicts a phylogeographic tree of the NS5B sequences of subtype 3a, which appears to have a diverse range of geographic origins. Three clusters of sequences are apparent, indicated as groups 3a-1, 3a-2, and 3a-3, with posterior probabilities of 0.6, 1, and 1, respectively. Each of the 3 groups clustered with sequences from distinct regions. Although the posterior probability of group 3a-1 was less significant, Beijing sequences cluster with primarily Yunnan in this group. Group 3a-2 was clustered with sequences from Jiangsu, and group 3a-3 was clustered with sequences from Guangdong and Hong Kong. Thus, the phylogeographic tree suggests separate migration events introducing genetically distinct subtype 3a HCV from these 3 regions. The tMRCA estimates from each of these groups further suggest different times of introduction, with the Yunnan group tMRCA of 1996, Jiangsu of 2002.5, and Guangdong/Hong Kong group of 2001.5. Compared with the time-scaled tree of 3a, we indicated a trend of subtype 3a migration from Yunnan, Guangdong, and Hong Kong to Beijing. Group 3a-2 provided a close phylogenetic relationship from Beijing isolates and Jiangsu. They may an evolutionary common ancestry.

Figure [3](#F3){ref-type="fig"}C depicts time-scaled trees reconstructed on the basis of subtype 3b sequences. The tMRCA of the tree was 2006.2 (2001.4, 2009.2) and the evolutionary rate was 0.25 (0.13, 0.39) substitution per site per year. The phylogeographic tree reconstructed for subtype 3b was shown in Figure [4](#F4){ref-type="fig"}C, with a single large group with a significant posterior probability of 0.98 compared with sequences from Yunnan, Guangdong, and Hong Kong. The vast majority of the Beijing sequences were in the large branch without significant posterior probabilities that were not phylogenetically distinct from sequences from other regions. This phenomenon was similar with the ML trees, and which indicated that subtype 3b of Beijing had specific geographical features and was different from other reference sequences from other provinces. On the basis of this tree and time-scaled tree of 3b, the migration trend appeared to have been from the south (Yunnan, Guangdong, and Hong Kong) to Beijing.

DISCUSSION
==========

The global HCV epidemic is constantly evolving. In the present study, we characterized the molecular epidemiology of the current HCV epidemic in Beijing, China, and found evidence of an ongoing, genetically complex HCV epidemic in Beijing DUs, with limited evidence of generalization into MSMs and the general population.

Our findings revealed significant HCV prevalence in DUs, with 26% of those DUs testing positive by antibody or viral RNA for HCV infection. Testing also indicated a high incidence, with 16.59% acute HCV in DUs. The HCV prevalence modestly differed from the previous reports on DUs from national survey of registered DUs in the 15 cities of China-Gates HIV/AIDS Program in 2007, which saw higher prevalence of HCV in Beijing (32.2%, 201/624) (*χ*^2^: *P* = 0.016).^[@R46]^ In the study performed by Liu et al^[@R47]^ from 2005, the proportion of HCV antibody positive among DUs in Beijing was 34.36% (167/486) (*χ*^2^: *P* = 0.0025). According to the previous reports, HCV infection among DUs was associated with HIV status, history of incarceration, duration of injection drug use, numbers of drugs used, needle/syringe and other equipment sharing in lifetime and past 6 months, reusing needle/syringe duration of injection drug use, frequency of injection, and condom use with regular partners.^[@R8]^ These studies suggest that injection drug use and sharing of needle/syringe were some of the most important factors among DUs acquiring HCV. In our study, high HCV prevalence among DUs suggested that injection is major route of HCV transmission. We found a lower HCV prevalence in DUs in Beijing compared with 2005 and 2007 estimates.^[@R46],[@R47]^ Thus, modestly lower estimate of HCV prevalence may be a result of a true decrease in HCV prevalence in DUs or because of sampling of cohorts with different behavioral risks, or the different sensitivities in screening tests (older ELISAs vs new ELISA/nucleic acid screening).^[@R6]^

Our research revealed that in Beijing, non-DUs, including MSM, maintain a very low prevalence of HCV infection. In several major metropolitan areas of the world, including Western Europe, Australia, and North America, HCV incidence has been dramatically increasing in MSM communities, especially those infected with HIV-1. Thus, the low prevalence, and lack of acute HCV, in this sizable MSM population served is notable. Continued active surveillance and HIV-1 detection of this population in China is merited.

Compared with the epidemiologic survey in 1992 (3.2%),^[@R4]^ the HCV prevalence rate for the general population of this study is much lower (0.37%). However, it is similar to an investigation from 2006, which showed 0.46% prevalence.^[@R6]^ There could be several reasons behind the decrease of HCV infection. First, to reduce the infection rate of blood transmitted diseases, such as HCV, HBV, and HIV, strict control of blood products, increased use of sterile equipment, and mandatory screening for blood borne pathogens have been implemented throughout China since 1993. Second, the detection methods are different. In this study, we used indirect ELISA; it has higher sensitivity and specificity than the second-generation UBI anti-HCV enzyme immunoassay used in the survey of 1992.^[@R6]^

Because we screened both for the presence of anti-HCV antibodies and HCV viral RNA, we are able to assess for spontaneous clearance of HCV.^[@R48],[@R49]^ The rate of spontaneous HCV resolution has been reported to range from 10% to 60%^[@R52]^ and is modified by host factors such as age, sex, ethnicity, and immune response.^[@R50],[@R51]^ In our study, we found a general rate of spontaneous clearance of 27.65%. The rate of HCV clearance appeared to differ among behavioral risk groups, with about 20% in DUs, 57% in MSM, and 65% in general population. It is biologically plausible that spontaneous clearance rates may be lower in the relatively immune compromised DUs who are at greater risk for reinfection than the general population. The low number of positive tests and the low pre-test probability in the latter 2 groups, however, increase the likelihood that antibody-positive, RNA-negative samples represented false-positive ELISA tests rather than true seroconversions. Thus, these differences must be taken with substantial caution.

In the present study, we found a rich diversity of circulating strains of HCV in Beijing, with a total of 8 prevalent subtypes (1a, 1b, 2a, 3a, 3b, 6a, 6n, 6u, and 6v). Four subtypes (1b, 3a, 3b, 6a) dominated, each comprising at least 15% of strains. These results differ with some older studies,^[@R43],[@R53]^ in which only HCV subtypes 1b,2a, 2b or 1b, 2a, 3a were detected. Thus, our results suggest increased diversity and continued introduction of new subtypes and strains from other regions of China and the world. Our data suggest a modest difference in the distribution of the various subtypes between DUs, MSM, and the general population, but the low number of non-DUs sampled limits this analysis. The distribution of subtypes in DUs, however, does appear different than previous reports, with a decrease in prevalence of genotype 1b (the major subtype in 2007),^[@R53]^ and an increase in genotypes 3b and 6a. In addition to Beijing, subtypes 3b and 6a were recently found to be highly prevalent in other urban areas in the south of China, such as Guangxi, Yunnan, Wuhan, and Suzhou.^[@R34],[@R36],[@R37],[@R54]^The geographical and genetic diversity of HCV is constantly evolving as a result of the modern transmission and increasing global travel to the national and international destination of Beijing, resulting in a complex molecular epidemiology of HCV subtypes in Beijing.

Subtype 1b is predominant nationwide, accounting for approximately 75% of all HCV infections.^[@R43]^ In this study, however, subtype 1b had the highest proportion among non-DUs, but not among DUs. In the time-scaled tree, phylogeographic tree, and ML tree reconstructed on the basis of subtype 1b, sequences from non-DUs and most sequences from DUs segregated into different groups. Likely because of independent evolution, varied selective pressures, and differences in living and environmental conditions and transmission routes, these data suggest that different subtype 1b strains may have been selected in different geographic regions or different population subsets. Some strains may have been predominantly circulated among non-DUs. Other strains may be transmitted primarily via the DU network.

The phylogeographic tree reconstructed for subtype 1b included sequences from Jiangsu, Guangdong, Taiwan, Shanghai, Henan, Liaoning, Inner Mongolia, Yunnan, and Hong Kong. We found that most Beijing sequences (46/54) and 3 sequences of Shanghai were in one cluster. With the exception of one sequence from an MSM, the other Beijing sequences in this cluster were from DUs. Thus, subtype 1b sequences from Beijing DUs and Shanghai may have a shared migration trend and/or they may have the same evolutionary origins. This phenomenon also suggests that the sequences in this cluster may only exist in some regions of China and not be widely prevalent through all regions of China.

The phylogeographic results support the theory that the HCV epidemic in Beijing has been contributed to by introduction of HCV from multiple locations over time. The phylogeographic tree for subtype 3a showed 3 groups. All the groups featured sequences sampled from Beijing and other provinces, which showed that Beijing strains were related to isolates from Yunnan, Guangdong, and Hong Kong. This pattern supports the hypothesis that subtype 3a could have been introduced into Beijing from these 3 distinct regions, all of which have major trade ties to Beijing. Yunnan province is located in the far southern part of China bordering Laos, Vietnam, and Myanmar, and is a center for drug trafficking to the other parts of the world; drug trafficking routes could pass from this region to Beijing. The Guangdong province is located in the southern part of China, neighboring Guangxi. Historically, it has been an internal and international crossroads for cultural and commercial trade. Finally, Zhenjiang, a city in Jiangsu province, is located in the Yangtze River Delta and is a vital transportation station linking Shanghai with other regions of China. Previously, the coexistence of multiple HCV genotypes has been described in these provinces.^[@R35],[@R40],[@R54]^ These regions' close communication with Beijing economically and culturally likely allowed for the importation of their distinct HCV strains into the Beijing epidemic.

The phylogeographic tree for subtype 3b showed only one statistically well supported group. On the basis of this tree, the migration trend appeared to have been from the south (Yunnan, Guangdong, and Hong Kong) to Beijing. Most of Beijing sequences (54/58) were in one subgroup without significant posterior probability. All these sequences were from DUs. In this subgroup, 45 Beijing sequences were in one cluster. In the time-scaled tree, there was no major group with significant posterior probability. There was no distinctive cluster existing in the Core/E1 and NS5B ML trees. These results suggested that Beijing HCV subtype 3b might come from the south of China, but it is possible to form its' geographical genetic characteristic during the viral evolution.

More than half participants in this study were migrant or a "floating population." The migration of population partly resulted in the transmission of infectious diseases. Thus, the HCV epidemic in Beijing maybe transmitted from other provinces of China. In a recent meta-analysis, Su et al^[@R42]^ found that subtypes 3a, 3b, and 6a had been significantly increased in conjunction with the relative decrease of subtypes lb and 2a. These results are in accordance with our data, which suggest that the dramatic population flow seen in migrants may drive much of HCV spread, especially among DUs.

In this study, samples were also tested for HBV and HIV infection using both ELISA and real-time PCR (data not shown). The results showed that there exist patients coinfected with HIV/HCV, HIV/HBV, HBV/HCV, and even HIV/HBV/HCV. However, the number of cases with coinfection is small, including 12 HBV/HCV, 3 HBV/HIV, 9 HCV/HIV, and 1 HBV/HCV/HIV coinfection patients. Meanwhile, the coinfection mainly existed in DUs and MSM groups, which supports epidemiologic reports of high rates of coinfection in MSM.^[@R55]--[@R56]^

In summary, we report the current molecular epidemiology of HCV in Beijing. We found that the HCV epidemic is primarily driven by drug use with a complex distribution of HCV subtypes, suggesting multiple introductions of distinct HCV strains from around China. With its large migrant population, Beijing is at the center of a highly complex and rapidly evolving HCV epidemic in China.

Limitation of the Study
-----------------------

Our study has several limitations. Although we benefit from analysis of both behavioral and sequence data, we are reliant on study subjects' self-report for the behavioral data. When asking about such potentially stigmatizing behaviors as sexual activity and illegal drug use, we must recognize there may be error. Second, we sampled very few HCV infections from non-DUs. This limits our ability to appropriately compare with DUs. Finally, for internal control, we sequenced 2 subgenomic regions, Core/E1 and the NS5B. Discrepancies between genotypes in the same subject are not only likely the result of bulk sequencing in a population with a likely high frequency of mixed infection, but also possibly because of intrapatient recombination and/or experimental error. Third, we did not collect the data of treatment and clinic for HCV. Finally, because phylogeographic analysis reference sequences are limited to published studies, we may have missed some information about HCV migration routes.

None.

Abbreviations: DUs = drug users, ESSs = estimated effective sampling sizes, HCV = Hepatitis C Virus, IDUs = injection drug users, MCC = Maximum clade credibility, MCMC = Bayesian Markovchain Monte Carlo, ML = Maximum Likelihood, MSM = men who have sex with men, OD = the ratio of the optical density, tMRCA = time to most recent common ancestor.
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Appendix
========

The reference sequences used in phylogenetic analysis for C/E1 region obtained from the Genebank: M62321 (1a, USA), AF139594 (1b, USA), L02836 (1b, China-Hebei), M58335 (1b, Japan), D90208 (1b, Indonesia), D14853 (1c, Indonesia), EF115994 (1d, Canada), AY768168 (1e, Canada), L38350 (1f, Belgium), AM910652 (1g, Spain), EF115770 (1h, Canada), AY754623 (1i, Canada), AY434128 (1j, Canada), AY434122 (1k, Canada), AB047639 (2a, Japan), D00944 (2a, Indonesia), AB030907 (2b, Japan), D10988 (2b, Indonesia), D50409 (2c, Japan), L39294 (2d, Belgium), D48746 (2e, Jakarta), DQ15561 (2i, Vietnam), HM777430 (2j, Venezuela), AB031663 (2k, Japan), AY754635 (2m, Canada), FN66428 (2q, Spain), HM777422 (2r, Venezuela), D17763 (3a, Japan), D28917 (3a, Japan), D49374 (3b, Japan), D16612 (3c, Nepal), D16620 (3d, Nepal), D16614 (3f, Nepal), EF115835 (3h, Canada), EF115869 (3i, Canada), Y11604 (4a, Egypt), FJ462435 (4b, Canada), FJ462436 (4c, Canada), FJ462437 (4d, Canada), EF462435 (4e, Canada), EF589160 (4f, France), FJ462432 (4g, Canada), EF115892 (4h, Canada), FJ462438 (4k, Canada), FJ839870 (4l, Canada), FJ462433 (4m, Canada), FJ462441 (4n, Canada), FJ462440 (4o, Canada), FJ462431 (4p, Canada), FJ462434 (4q, Canada), FJ462439 (4r, Canada), FJ839869 (4t, Canada), EF684323 (4u, Egypt), Y13184 (5a, South Africa), Y12083 (6a, Hong Kong), D84262 (6b, Thailand), EF424629 (6c, Thailand), D84263 (6d, Vietnam), DQ314805 (6e,China-Guangxi), DQ835760 (6f, Thailand), D63822 (6g, Jakarta), D84265 (6h, Vietnam), DQ835762 (6i, Thailand), DQ835761 (6j, Thailand), DQ278893 (6k, China-Kunming), EF424628 (6l, USA), DQ835763 (6m, Thailand), DQ278894 (6n, China-Kunming), EF424627 (6o, Canada), EF424626 (6p, Canada), EF424625 (6q, Canada), EU408328 (6r, Canada), EU408329 (6s, Canada), EF632069 (6t, Vietnam), EF408030 (6u, China-Yunnan), EF408031 (6u, China-Yunnan), EF408032 (6u, China-Yunnan), EU798761 (6v, China-Kunming), EU798760 (6v, China-Kunming), FJ435090 (6v, China-Kunming), EU643834 (6w, Taiwan).

The reference sequences used in phylogenetic analysis for NS5B region were obtained from the Genebank: M62321 (1a, USA), AF139594 (1b, USA), L02836 (1b, China-Hebei), M58335 (1b, japan), D90208 (1b, Indonesia), D14853 (1c, Indonesia), EF115994 (1d, Canada), AY894553 (1e, Canada), AM910652 (1g, Spain), EF115992 (1h, Canada), AY754623 (1i, Canada), AY434129 (1j, Canada), AY434123 (1k, Canada), AB047639 (2a, Japan), D00944 (2a, Indonesia), AB030907 (2b, Japan), D10988 (2b, Indonesia), D50409 (2c, Japan), EF116052 (2d, Canada), D49761 (2e, Jakarta), D48769 (2f, Jakarta), DQ699770 (2i, Morocco), AY894529 (2j, Canada), GU054442 (2k, France), GU054450 (2l, France), AY754634 (2m, Canada), EF116059 (2r, Canada), D17763 (3a, Japan), D28917 (3a, Japan), D49374 (3b, Japan), D16613 (3c, Nepal), D16621 (3d, Nepal), D16615 (3f, Nepal), EF116075 (3h, Canada), EF116092 (3i, Canada), DQ202324 (3l, Iran), Y11604 (4a, Egypt), FJ462435 (4b, Canada), FJ462436 (4c, Canada), FJ462437 (4d, Canada), EF116121 (4e, Canada), EF589160 (4f, France), FJ462432 (4g, Canada), EU054465 (4h, France), FJ462438 (4k, Canada), FJ839870 (4l, Canada), FJ462433 (4m, Canada), FJ462441 (4n, Canada), FJ462440 (4o, Canada), FJ462431 (4p, Canada), FJ462434 (4q, Canada), FJ462439 (4r, Canada), FJ839869 (4t, Canada), EF694398 (4u, Egypt), Y13184 (5a, South Africa), Y12083 (6a, Hong Kong), D84262 (6b, Thailand), EF424629 (6c, Thailand), D84263 (6d, Vietnam), DQ314805 (6e,China-Guangxi), DQ835760 (6f, Thailand), D63822 (6g, Jakarta), D84265 (6h, Vietnam), DQ835762 (6i, Thailand), DQ835761 (6j, Thailand), DQ278893 (6k, China-Kunming), EF424628 (6l, USA), DQ835763 (6m, Thailand), DQ278894 (6n, China-Kunming), EF424627 (6o, Canada), EF424626 (6p, Canada), EF424625 (6q, Canada), EU408328 (6r, Canada), EU408329 (6s, Canada), EF632069 (6t, Vietnam), EF408030 (6u, China-Yunnan), EF408031 (6u, China-Yunnan), EF408032 (6u, China-Yunnan), EU798761 (6v, China-Kunming), EU798760 (6v, China-Kunming), FJ435090 (6v, China-Kunming), EU643834 (6w, Taiwan).
